Search for a heavy resonance decaying into a Z boson and a vector boson in the ννqq final state
Introduction
Many models of physics beyond the standard model (BSM) predict the existence of additional heavy resonances that may decay into a pair of vector bosons. A particular class of models addresses the divergence of quantum mechanical corrections to the Higgs boson mass, known as the hierarchy problem, by introducing extra spatial dimensions (such as warped extra dimensions models [1, 2] ), which predict the presence of additional massive particles.
The Randall-Sundrum model [3, 4] introduces one warped extra dimension to solve the hierarchy problem. In the four-dimensional bulk space, two branes are hypothesized: one whose fundamental scale is the Planck scale, and one at the TeV scale, where the standard model (SM) particles are confined. Spin-2 gravitons, expected to have a mass at the TeV scale, are allowed to propagate from the Planck brane to the TeV brane via the warped fourth spatial dimension. In the bulk warped extra dimension model, the SM particles can also propagate through the bulk multidimensional space. In this context, spin-2 bulk gravitons can be produced at a significant rate via gluon fusion, and can decay into a pair of vector bosons [5] . Two parameters are used to describe the model: the mass of the proposed spin-2 particle and k = k/M Pl , where k is the curvature parameter of the five-dimensional space-time metric, and M Pl = M Pl / √ 8π is the reduced Planck mass.
Other theories extend the SM by adding fields to the SM Lagrangian, resulting in a larger symmetry. New vector bosons arise from the breaking of this symmetry. The heavy vector triplet (HVT) model [6] provides a framework for many BSM models, in particular those where heavy spin-1 partners of the vector bosons (W and Z bosons) [7, 8] are expected to be weakly coupled to SM particles (referred to as the "HVT model A" scenario), and the composite Higgs model [9, 10] , where exotic vector bosons are strongly coupled to ordinary particles (the "HVT model B" scenario). Both scenarios are described by three Lagrangian parameters: the couplings of spin-1 particles to SM fermions (c F ) and to SM bosons (c H ), and the strength of the interaction (g V ). In the HVT model A scenario, g V = 1, c F = −1.316, and c H = −0.556; in HVT model B, g V = 3, c F = 1.024, and c H = 0.976 [6] . Previous searches performed at the CERN LHC looking for evidence for these models have set limits on the production cross section of the new heavy bosons (46.1 fb at a mass of 1.4 TeV and 0.7 fb at a mass of 4.1 TeV), and mass lower limits of 3.3 TeV (3.6 TeV) for HVT model A (model B) [11] [12] [13] [14] [15] .
In this article, we present the results of a search for heavy resonances decaying into a pair of vector bosons, where one vector boson is a Z boson decaying into neutrinos, while the other boson V (either a W or Z boson) decays hadronically. The vector bosons are mostly produced in a back-to-back topology with large Lorentz boosts because of the large mass of the new particle (on the order of 1 TeV); this implies that the two quarks originating from the vector boson decay are close enough to be reconstructed within one single large-cone jet, an approach that, in this kinematic region, is more efficient than building the vector boson candidate as two distinct standard jets. Since neutrinos do not leave any visible signature in the detector, they are reconstructed as a large amount of missing transverse momentum ( p miss T ) recoiling against the hadronic component. The sensitivity of the search is enhanced by the relatively high branching fraction of the Z boson into neutrinos (20%) and of the other vector boson into a pair of quarks (≈70%). Jet substructure techniques [16] are exploited to improve the discrimination between signal events and SM background processes.
The contributions of the SM backgrounds, composed mainly of Z+jets and W+jets events, are estimated using a method that interpolates the data from control regions into the signal region with a fit constrained by the simulation.
The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger system [17] . The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors. The second level, known as the high-level trigger (HLT), consists of a farm of processors running a version of the full event reconstruction software optimized for fast processing.
A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [18] .
Data and simulated samples
The analysis is performed on data collected in 2016 with the CMS detector during protonproton collisions at the LHC at a center-of-mass energy of 13 TeV, corresponding to a total integrated luminosity of 35.9 fb −1 .
Two signal models are simulated: the first considers a spin-1 HVT W boson decaying into a W and a Z boson for both A and B scenarios, and the second considers a spin-2 bulk graviton G decaying into two Z bosons. Both processes are generated at leading order (LO) with the MAD-GRAPH5 aMC@NLO v2.2.2 [19] matrix element Monte Carlo (MC) generator for a range of different mass hypotheses for the resonances from 0.6 to 4.5 TeV. Signals are generated assuming the resonances have negligible width (0.1% of their masses) compared to the experimental resolution (4-8% depending on their masses); this assumption is the so-called "narrow-width approximation". The actual width of the spin-2 resonances may be larger depending on the value of the curvature parameter k in the model [1, 2] , but this effect is only significant for values of k larger than 1, which are not considered in this analysis. For the background, events with a vector boson produced with additional partons are generated at next-to-leading order (NLO) in α S with MADGRAPH5 aMC@NLO, using the FxFx merging scheme [20] . Electroweak corrections at NLO [21] are applied to these samples as a function of the transverse momentum p T of the vector bosons. Top quark-antiquark (tt) and single top quark events are simulated at NLO in the five-flavor scheme with POWHEG v2 [22] [23] [24] [25] [26] . Inclusive diboson production (WW, WZ, ZZ) is considered as well, and generated with PYTHIA 8.212 [27] at LO. The hadronization and fragmentation steps of all simulated samples are handled by PYTHIA with the CUETP8M1 [28] tune. The NNPDF3.1 [29] parton distribution functions are used in the simulations. The effect of additional proton-proton interactions within the same or nearby bunch crossings (pileup) is accounted for by adding simulated minimum bias events to the hard interaction. The frequency distributions of the pileup events are reweighted to match those observed in data. The simulation of the CMS detector is performed with GEANT4 [30] .
The energy of photons is obtained directly from the ECAL measurement, corrected for zerosuppression effects. The energy of electrons is determined from a combination of the electron momentum at the primary interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track. The energy of muons is obtained from the curvature of the corresponding track.
The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for zerosuppression effects and for the response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.
Jets are reconstructed from PF inputs, using FASTJET 3.1 [32] to cluster jets with the anti-k T algorithm [33] , with two distance parameters: 0.4 ("AK4" jets) and 0.8 ("AK8" jets). The jet momentum is determined as the four-vector sum of all particle momenta in the jet, and is found from simulation to be within 2 to 10% of the momentum of the quark that initiated the jet, over the whole p T spectrum and detector acceptance. The raw jet energies are further corrected to establish a relative uniform response of the calorimeter in η and a calibrated absolute response in p T [34] . Charged particles not associated to the primary vertex are removed from the jet [35] . An additional offset correction is applied to the jet energies to subtract the contribution from pileup [35] . The jet energy scale (JES) is calculated using a detailed MC simulation of the detector, and further adjusted using the p T balance in dijet, multijet, photon+jet and leptonically decaying Z+jet events in data [36] . A smearing procedure has been applied to jets in the simulated samples in order to account for small differences between the jet momentum resolutions observed in simulation and in data. The jet energy resolution (JER) is ≈15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV [36] .
A minimum threshold on the energy recorded in the HCAL is applied to remove spurious jetlike features originating from isolated noise patterns in certain regions. Jets are required to have more than one PF constituent, and they are required to have less than 80% of their total energy originating from neutral hadrons, less than 99% from electrons, and more than 20% from charged hadrons.
The jet mass reconstruction is optimized for this analysis using a combination of a jet grooming technique [37, 38] and pileup mitigation [39] . In the jet grooming algorithm, the constituents of the AK8 jets are reclustered using the Cambridge-Aachen algorithm [40, 41] . The "modified mass drop tagger" algorithm [37] , also known as the "soft drop" algorithm, with angular exponent β = 0, soft cutoff threshold z cut < 0.1, and characteristic radius R 0 = 0.8 [38] , is applied to remove soft, wide-angle radiation from the jet. The pileup mitigation is performed by the "pileup per particle identification" algorithm [39] , a method that assigns a weight to each charged or neutral particle, which is determined by the probability for the particle to have originated from the primary vertex of the hard interaction. Finally, the jet mass is corrected with p T -dependent factors [42] to account for the small difference observed in the reconstructed vector boson mass between data and simulated events in a tt control sample, in which one W boson, originating from the top or antitop quark, decays into leptons and the other W boson decays hadronically.
The missing transverse momentum vector is defined as the negative sum of the p T of all PF candidates in the event: p miss T = −Σ i p i T ; its magnitude is referred to as p miss T . This raw quantity is corrected by propagating the effect of the jet energy corrections. Uncertainties in the p miss T determination arise from mismeasurements caused by detector alignment, unclustered energy deposits, and contributions coming from pileup [43] . Events with spurious missing momentum related to detector noise and badly reconstructed events are rejected [43] .
Event selection
Events are required to satisfy criteria at the HLT trigger level on either p miss T or the missing hadronic activity, H miss T , which is defined as the magnitude of the transverse component of the negative sum of the three-momenta of all the objects identified as jets at trigger level. To avoid inefficiencies due to the prescaling of the triggers during high-luminosity LHC operation, several triggers are used, variously requiring H miss in the event, due to the neutrino. One muon identified by offline algorithms is required: this not only guarantees that the sample does not overlap with the search region of the analysis (where events with muons are rejected), but also reduces the contamination from particles or jets misidentified as leptons at the trigger level. The additional condition of having at least one AK8 jet is applied, in order to select events with a topology similar to that of the considered search. The combination of p miss T triggers reaches a plateau in efficiency of 96% around p miss T > 200 GeV, which is chosen as the minimum p miss T threshold for the event selection. An independent efficiency measurement has been performed using a data set satisfying singleelectron triggers, and the discrepancy with the result based on the muon data set is taken as a systematic uncertainty, which amounts to 1%.
The AK8 jets are required to satisfy p T > 200 GeV and |η| < 2.4. The largest-p T AK8 jet in the event is assumed to be the hadronically decaying boson (V) candidate.
The jet mass (m j ) is used to define the search region. Since the analysis searches for a diboson resonance where one vector boson decays hadronically, the mass of the jet candidate is expected to lie within a window around the nominal masses of the W and Z bosons, chosen to be between 65 and 105 GeV. Two control regions are defined that are expected to be depleted in signal: the "low sideband", which lies in the m j range 30-65 GeV, and the "high sideband", with m j above 135 GeV. These sidebands play a crucial role in the background estimation. The region 105-135 GeV is excluded from the sideband selections in order to not overlap with other diboson searches aiming at a final state containing a hadronically decaying Higgs boson. This exclusion allows the results to be combined with those of other searches in a straightforward manner. The region under 30 GeV is discarded, since jets are not reconstructed sufficiently well in this region.
Jet substructure is exploited to further improve the ability to identify signal events. The τ 21 N-subjettiness ratio [16] distinguishes jets with two separable substructure components from jets with only one substructure component. In the former case, the τ 21 distribution is peaked towards a small fraction of unity; in the latter case, it has a broader shape, centered around larger values closer to 1. Two exclusive search categories are defined: a low-purity category (0.35 < τ 21 < 0.75) and a high-purity category (τ 21 < 0.35). In principle, the high-purity category is the most sensitive to the signals explored; nevertheless, the low-purity category allows us to retain a significant part of the signal efficiency, especially for very heavy resonances (3-4 TeV). As a consequence, the signal sensitivity improves by up to 40% when the categories are combined. Multiplicative scale factors [42] are used to correct observed discrepancies between data and simulation, and are measured to be 0.99 ± 0.11 for events falling into the high-purity category and 1.03 ± 0.23 for those in the low-purity category. They have been measured with MC simulation and top quark-enriched data samples, and are applied to simulated backgrounds.
The reconstructed p T of the invisibly decaying Z boson is set equal to p miss T . Thus, instead of the invariant mass, the resulting reconstructed VZ candidate mass is the transverse mass m VZ T :
where
is the azimuthal angle between the p miss T and the leading AK8 jet transverse momentum vector.
The AK4 jets are used for background suppression; they are required to satisfy p T > 30 GeV and |η| < 2.4. If the event contains an AK4 jet passing a loose b tagging criterion using the combined secondary vertex (CSVv2) [44, 45] algorithm, and it does not overlap with the AK8 jet identified as the V candidate, the event is discarded, since this suggests that the event is more likely to have originated from a top quark decay. Scale factors are applied to correct for the different b tagging efficiency in data and simulated samples [44, 45] .
A set of selection criteria has been applied to improve the background rejection. By requiring a minimum azimuthal angular separation of 0.5 between p miss T and the p T of the AK4 jets outside the cone of the leading AK8 jet, the contribution of background events originating from soft multijet radiation is reduced from 30% to 2% or 3%, depending on the purity category. The single top quark and tt contributions are approximately halved by applying the loose b tag veto described above. Background contributions are further suppressed by requiring a backto-back topology in the transverse plane between the V and Z candidates, specifically, ∆φ > 2.
Final states with photons, electrons, muons, and hadronically decaying tau leptons are rejected in this analysis. The identification of these objects is performed using the variables described in Ref. [31] . An event is discarded if it contains at least one photon with p T > 15 GeV and |η| < 2.5, at least one electron with p T > 10 GeV and |η| < 2.5, at least one muon with p T > 10 GeV and |η| < 2.4, or at least one hadronically decaying tau lepton with p T > 18 GeV and |η| < 2.4.
The main discriminating variables used to perform the background prediction, m j and τ 21 , are compared in data and MC simulation in Fig. 1 . Two signal hypotheses, a spin-1 W boson and a spin-2 bulk graviton, are displayed as well. They are characterized by jet mass spectra peaking at the W mass and at the Z mass, respectively, and by a τ 21 distribution reflecting the twoprong structure of the jet produced in the vector boson hadronic decay, significantly different from the background. The discrepancy visible between the data and the background prediction is due to the imperfect modeling of the jet substructure and momentum in simulation. Agreement is achieved when a hybrid data/simulation background estimation approach, described in Section 6, is applied.
Background estimation
This analysis searches for a localized excess in data in the transverse mass spectrum of the VZ system. Hence, accurate background modeling is crucial to the analysis.
The main irreducible background is from events in which a Z boson is produced along with additional jets ("Z+jets") and decays into neutrinos. The second dominant contribution comes from events in which a W boson is produced along with additional jets ("W+jets") and decays leptonically, with the charged lepton falling outside the detector acceptance or not correctly The data points are shown by the black markers, along with their associated statistical uncertainties. In the bottom panels, the ratio between data and MC predictions is calculated for each bin.
identified. Since the production mechanisms of these two processes are the same, these two categories of events are grouped together as "V+jets" events. Smaller background contributions come from events in which at least one top quark (either a tt pair or a single top quark, indicated as "Top" background) or a pair of vector bosons (WW, WZ, or ZZ, which we call "VV" background) is produced; these are referred to as "secondary backgrounds".
The background estimation technique [46] , which is now known as the "α method", takes advantage of the data sidebands to predict the normalization and m VZ T shape of the V+jets background distributions, which are poorly populated by simulations in phase space regions with large transverse momentum. The normalization and shape of the secondary backgrounds are determined from MC simulation. This data-driven approach allows us to improve the agreement between data and predictions, especially in the higher tails of the momentum distributions.
The background prediction is performed in two steps for each of the two purity categories. First, the mass spectrum of the AK8 jet is the variable chosen to predict the background event yield in the signal region. Then, once the normalization is determined, the transverse mass distribution of the diboson candidates is used to predict the background shapes in the signal region.
To perform the normalization prediction, the m j distribution of each background is fitted in simulated samples with an empirical probability density function (pdf), converted into an extended likelihood in order to allow the event yield to vary in the fit. The main background is modeled by using two alternative functional forms, and the difference between the two yield predictions is considered as a systematic uncertainty and propagated to the final results. The m j spectrum of the V+jets background is smoothly falling in the low-purity category; hence, it is modeled as a power law (main function) or as a Gaussian peak added to a falling exponential (alternative function), in order to check that a different description of the slope of the spectrum near the signal region does not significantly affect the final result. In the high-purity category, the m j spectrum has a peaking component, so it is described by a broad Gaussian peak, centered at approximately 150 GeV, added to a falling exponential (main function), or by an exponential function convolved with an error function to describe the turn-on effect at low mass (alternative function). The top quark and diboson backgrounds are modeled as Gaussian peaks, centered on the top quark and W or Z masses, respectively, added to a smoothly falling exponential background.
Once the extended likelihoods for the main and secondary backgrounds are added together, an extended maximum likelihood fit is performed in the data sidebands. The parameters related to the V+jets background and its normalization are allowed to vary according to data, whereas those describing the secondary backgrounds are fixed to the theoretical predictions. The expected number of background events in the signal region is then evaluated by integrating the final extended likelihood that describes the total background.
The results of the background estimation are presented in Fig. 2 as smooth functions, and are compared to data. The fit to the data is performed in the sideband regions described in Section 5. Data are compared to the α method background predictions in the signal region (SR), while the Higgs region is excluded from the analysis. It can be seen that the data agree with the background estimates. The final step consists in predicting the functional shape of the m T spectrum of the total background. First, the distribution of m VZ T is described separately for each background using MC simulation, both in the signal region and sidebands. The general background shape expected for all SM processes is an exponentially falling function with two parameters, of the form e −x/(a+bx) .
The α function is defined as the ratio between the V+jets background pdf in the signal region ( f V+jets SR ) and that in the sidebands ( f V+jets SB ), predicted from simulation:
The α ratio can be interpreted as a transfer function from the sidebands to the signal region, accounting for the small kinematical differences in the two regions of the V+jets background. The typical correction resulting from using the α ratio is on the order of 1-5 per mil. A simultaneous fit to MC simulation and data sidebands is performed in order to extract the α function and the main background parameters respectively, while the secondary background shapes are taken from predictions from MC simulation, as described in the following equation:
The background estimation obtained with the α method, i.e., the predicted spectrum of m VZ T in the background-only hypothesis, is compared with data in Fig. 3 , and no significant excess is observed with regard to the SM expectations. The robustness of the α method is tested by splitting the low sideband into two sub-regions, one considered as a narrower lower sideband and the other (50-65 GeV) taken as a validation region. The predictions obtained by applying the α method in the narrow lower sideband and the high sideband are then compared to data distributions in the validation region, and are found to agree.
Systematic uncertainties
The background normalization is predicted from a set of simultaneous fits to the simulated and data samples, so the uncertainty in the normalization is estimated by propagating all the uncertainties affecting the main and the secondary background fits. The statistical uncertainty in the fit, determined by the number of data events in the sidebands, contributes to the uncertainty in the main background event yield by 5% and 15% for the low-and high-purity categories, respectively. A second source of uncertainty is the absolute difference in the V+jets event yield prediction between the main function and the alternative function used to fit the m j spectrum of the V+jets background in the simulated samples. It amounts to 5% and 4% for the lowand high-purity categories, respectively. The uncertainties related to the number of expected events from the secondary backgrounds amount to 68% and 48% for the low-and high-purity categories, respectively, for the top quark background yield, and to 11% and 19%, respectively, for the diboson background yield. Given that the secondary backgrounds are a small fraction of the total, the overall impact of the uncertainties in their event yields is negligible.
The uncertainties in the parameters describing the shape of the m VZ T distribution of the main background are obtained by propagating the uncertainties related to each parameter of the simultaneous fit to simulation and data sidebands. These parameters are then decorrelated by diagonalizing their covariance matrix with a linear transformation.
The normalizations of the secondary backgrounds and of the signal are affected by a 1% uncertainty in the trigger efficiency, calculated as described in Section 5.
The impact of the uncertainties in the p T of the reconstructed bosons is evaluated by simultaneously varying their p T within their uncertainties, since p miss T is influenced by the p T corrections applied to all the hadronic objects present in the event. The uncertainties related to JES and JER are evaluated by varying their numerical values within their uncertainties. They have a negligible impact (less than 1%) on both the normalization of the signal and secondary backgrounds, and on their shape; namely, on the parameters describing the exponential behavior of the spectra. The uncertainty in p miss T arising from unclustered energy deposits is also negligibly small. Uncertainties related to the m j corrections are considered, and they affect the signal and background yields by 1%. Uncertainties related to the jet mass smearing affect the signal yield by 5.1%, the top quark backgrounds by 3.1%, and the diboson backgrounds by 2.0%. Jet mass smearing uncertainties affect the parameters describing the top quark and diboson background shapes by 4% and 1%, respectively.
The uncertainty related to the τ 21 scale factors, as described in Section 5, has the largest single impact on the final results. An additional source of uncertainty comes from the jet p T dependence of the τ 21 scale factors. The τ 21 distributions are modeled at higher p T regimes (above 200 GeV), where the event yield is very small in data, by using an alternative showering scheme (HERWIG++ [47] ) and compared to PYTHIA. The discrepancy between the predictions is parameterized as a function of the jet p T . In this analysis, the uncertainties due to the τ 21 scale factor extrapolations at high p T amount to 9-20%, depending on the purity category.
The uncertainty in the b tagging efficiency affecting the veto applied to AK4 jets impacts the signal normalization by 1%, the diboson background normalization by less than 1%, and the top quark background normalization by 2%.
A minor source of uncertainty comes from the uncertainty in the total inelastic proton-proton cross section at 13 TeV, which affects the pileup distribution, and thus the normalization of the simulated samples. It amounts to less than 1% for diboson, top quark, and signal samples.
A 3% uncertainty is assigned to the efficiency of vetoing hadronically decaying tau leptons. The uncertainty in the measurement of the integrated luminosity amounts to 2.5% [48] .
The renormalization and factorization scales used in the simulation are varied by a factor of 2 and a factor of 0.5, both separately and independently. Per-event weights are extracted and propagated to the invariant mass distributions. These scale variations affect the shape of the top quark background by a total of 1%, and its normalization by 7% (renormalization scale) and 3% (factorization scale); they both affect the diboson background normalization by 1%. The uncertainty related to the choice of the parton distribution functions used in simulation is estimated by following the prescriptions in Ref. [49] , using the NNPDF3.1 [29] set. The parameters describing the parton distribution functions are varied together within their uncertainties, and the resulting variations are used as a set of per-event weights, applied to the invariant mass distributions. These uncertainties affect the normalization of the top quark and diboson backgrounds by 0.3% each; the effect on the top quark and diboson background shapes is negligibly small. Uncertainties of 15% [50, 51] and 10% [52] [53] [54] are assigned to the normalization of the diboson and top quark backgrounds, respectively, from the knowledge of the production cross section.
Results
An unbinned profile likelihood fit is performed on the final spectra of the transverse mass of the diboson candidates. The signals are modeled with a Crystal Ball function [55], i.e., a function with a Gaussian core and a power-law behavior in the low tail. Systematic uncertainties are treated as nuisance parameters constrained with a log-normal distribution and profiled during the minimization. The background-only hypothesis is tested in the data, where the low-and high-purity categories have been combined. The asymptotic modified frequentist approach [56-58], or CL s criterion, is used to quote 95% confidence level (CL) limits.
The observed and expected limits on the product of the cross section and branching fraction (σB(W → W had Z inv )) for a spin-1 W decaying into W and Z bosons that in turn decay in the hadronic and invisible channels, respectively, as a function of the mass of the resonance, are shown in Fig. 4 (left) . The hypothesis of a heavy spin-1 resonance, predicted by the HVT model A scenario, is rejected at 95% CL for masses smaller than 3.1 TeV, while the W described in the HVT model B context is excluded up to 3.4 TeV. At these mass values, the product of cross section and branching fraction are expected to be 1.4 fb and 1.1 fb, respectively.
The observed and expected limits on the product of the cross section and branching fraction (σB(G → Z had Z inv )) for a spin-2 bulk graviton decaying into a pair of Z bosons, where one Z boson decays hadronically and the other invisibly, are shown in Fig. 4 (right) , as a function of the mass of the resonance. The theoretical predictions for the curvature parameter hypothesis k = 0.5 are shown for comparison.
The results of this search complement those published by the ATLAS Collaboration [59], which were obtained from an investigation of the same final state, using different jet substructure and background estimation techniques. The limits obtained here are the best single limits obtained in this final state.
Summary
A search has been made for heavy diboson resonances (WZ, ZZ) decaying into a pair of vector bosons, one of which is a Z boson decaying into νν and the other is a W or Z boson that decays into qq. The data were collected by the CMS detector from proton-proton collisions produced at the LHC at a center-of-mass energy of 13 TeV. In this analysis, the hadronically decaying W or Z boson is reconstructed as a large-cone jet. The invisible decay of the Z boson manifests itself as a large amount of missing transverse momentum recoiling against the jet. The trans- verse components of the VZ system momentum are used to define the transverse mass variable, where a search for a localized excess is performed. The expected background is described with a hybrid data/simulation approach that takes advantage of data sidebands to predict the background normalization and shape in the signal region. To improve the discovery potential, two purity categories are defined, based on a jet substructure observable. An unbinned maximum likelihood fit is performed. No excess is observed in data compared to standard model predictions. Upper limits are established at 95% confidence level on the product of the production cross section and branching fraction for a spin-1 heavy vector triplet (HVT) W boson and spin-2 bulk graviton, which are in the range 0.9-63 fb and 0.5-40 fb, respectively, depending on the resonance mass. The existence of a W boson is excluded at 95% confidence level up to a mass of 3. [ [53] CMS Collaboration, "Measurement of the tt production cross section using events in the eµ final state in pp collisions at √ s = 13 TeV", Eur. Phys. J. C 77 (2017) 172, doi:10.1140/epjc/s10052-017-4718-8, arXiv:1611.04040.
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